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Abstract

A simple model is developed which permits us to calculate the sudden
ionospheric frequency deviation which would be caused by a known solar
X-ray burst, or vice-versa, to calculate the time profile of the X-ray
burst responsible for an observed frequency deviation. This model is
also used to compare the frequency deviations observed during six solar
flares with the time profiles of the solar emissions at centiimeter and
X-ray (0.5-10 k) wavelengths which accompanied the flares.

Better time and spectral resorutlion are necded in o~rder to permit a
detailed comparison of the variations in the X-ray flux with the iono-
spherically induced frequency deviations.

ney Words: ionosphere, solar flare, solar X-ray emission, sudden fre-
uency deviation (SFD), sudden ionospheric disturbance,
solar radio emission
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A COMPARISON OF SUDDEN IONOSPHERIC FREQUENCY DEVIATIONS
WITH SOLAR X-RAY AND CENTIMETER-WAVE EMISSION DURING OCTORER 1963

by

Donald M. Baker

1. Introduction

This report presents a study of the relationship between the radio
and X-ray emissions of solar fldares und bhc lcncspieric uisturbances
called sudden frequency deviations (SFD). Since the X-ray bursts which
accompany many solar flares are absorbed in the earth's atmosphere, we can
use ground-based radio techniques to detect these X-ray bursts. However,
in the past few years solar X-ray emission has bee1 monitored directly by
several artificial satellites (Bowen et al., 1364; Chubb, Friedmsn, and
Kreplin, 196k4; Conner et al., 1964; Friedman, 19¢h; Pounds, 1965). These satel-
lite observations offer us an opportunity for studying the relationship between
the ionizing radiation and the resulting disturbances of ioncspheric radio
propagation, such as sudden phase anomalies (SPA), short wave { deouts (SWF},
and sudien frequency deviations (SFD). Such studies are needed if sround-
based radio techniques are to be used as tools to investigate the physivs
of the ionospheric response to solar ionizing radiations or if thesge
techniques are to be used to study the nature of the radiation bursts
themselves,

There is evidence that sclar radio bursts at centimeter wavelengths
and X-ray bursts are very closely related (Kundu, 196%). This makes a
comparison of the iovnospheric effects of solar flares with both the X-ray

and associated centimeter-wave radic emissions desirabdble,




In this report we wiil restrict ourselves to a study of the re.ation-
ship between sudden frequency deviation and the associated X-ray and centi-
meter radio bursts. In section 2 we develop a simple thecry useful in the
interpretation of a sudden frequency deviat.on and use this theory to
calculate the shapes of the frequency deviations which wculd be produced
by varicus time pr:fiies for the ionizing radiation burst. In section
we oompare the sudden frequency deviations, centimeter-wave radio emis-
si:ns, and the X-ray bursts observed by the Vela sateliltes for the six

S. iar flgres listed in table 1. A description of the data used s gliven

be.ow.
Table !
Optica . (ix) Observations o 3..ar F.ares Discussed in Se-ti n -
(E = betore, D - later than)
Time (UT)
Da‘e peginning Maximum End importe -
Oct. 8, s N & BRI NI L4
v v o N.D .
e Y LoD Lol
S e N ce o ¥ “
o0 ol o SHa La D .
€ e ie oo <
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1.2. Centimeter Radio Data
The radic data consist of fixed frequency observaiions st centimeter
wavelengths made at Ottawa, Ontario (2800 Mc/s) {Covington and Harvey,
1958; Harvey, 1964) and Toyokawa, Japan (200, 3750, and 9400 Mc/s)
(Tanaka and Kakinuma, 1958). The events used in this repurt have been

repilotted from copies or tracings of the original records.

1.3. Ioncspheric Disturbance Dgta

The icnospheric disturbance data ccnsist of variations in the received
frequency of high-frequeun. s ion spheri all; propagated radio signals. These
data are oblained by the Dopnler technique described by Watts and Davies
(1960) which detects rapid changes in the electron content of the ionc-
sphere up to the level of reflection.

The frequency of an ionospherically propagated HF radio signal
usually shows small variations (of the order of a few tenths of a cycle
per second) about the transmitted frequency. However, during some natiural
vhenomena, such as solar fiares and geomagnetic sudden commencements, the
received frequency cften shows large (up to tens of cycles per second)
and ouite distinctive variations from the transmitted frequency. These
fl-re-related frequency deviations have been given the name sudden fre-
quency deviations (SFD) (Chan and Villard, 1963). Stuaies by Donnelly
(L96); Auy, Baker, and Jones (1965); Davies, Watts, and Zacharisen (1962);
and Kanel! kcs. Chan, and Villard (1962) indicate that they are caused by
an increase of icuization in the E and/or F regions of the ionosphere.
C-tails of the cechnique and the interpretation of the records can be
t.und in Dav'es and Baker (1966) and Donnelly (1966) and the references

contained therein.
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2. Theoretical Discussion
2.1. Basic Equations and Model Used

If a radio wave of carrier frequency f propagates through a changing

i wmat

ioncsphere, it wiil suffer a change in frequency, or Doppler shift, Af

given by

s w hNw R

(Y

O lry
[

Af = -

&
la°]

where ¢ is the speed of light in vacuum. The phase path of propagation,

P, is given by

P = f pds (2)

path

T TR W

where, neglecting the effects of the geomagnetic field and collisions,

KN
Y1 -
n e (2)

2
is the refractive index. Here k = 8 X 107 (%S) ert , the electron den-

sity N is in cm™, and the wave frequency f is in Mc/s.
Using (2) and (3), Agy, Bsker, and Jones (1965) have shown that (1)

can be written

N ‘

K at

Af = 57« J o ds . (+) :
path ;

If the chenges causing Af are confined to a non-deviating region

where p~ 1 (i.e., a region below the height of reflection) !

il < O B s e

)




kn ON
b= Tt oS
ground (5)
kn 4Ny
T fe &

where

reflection
ANy
at

I
O/I ¢
=

o8

1)

(€)
ground

is the rate of change of the total electron content and n is the number of
ionospheric reflections. Therefore, when ionospheric changes are confined
to a region below the reflection height of the radio wave being monitored,
the Doppler shift observed will be directly proportional to the total time
rate of change of electron content along the propagation path. 1Ii the
ionospheric changes extend all the way to the hright of reflection and if
there is no major change in the propagation path (such as a change from
F-layer to E-layer reflection), we would expect from (4) that the shape of
Af(t) would still reflect the major time variations of the total electron
content along the path; however, the magnitude of Af(t) will now be influ-
enced by the variation of p along the path. Henceforth, we will consider
only the non-deviative model.

The time rate of change of the electron density in a region in which
the electron loss processes cu.a be described by an effective recombination

coefficient o is given by
dn 2 .
dt - q QN b (/)

where q is the electron production rate. Assume that the electron pro-




duction and loss rates are in equilibrium before a solar flare. Then, if
the production rute and electiron density are increased by amounts Aq(t)
and ON(t) during a flare (i.e., q(t) = o + Aq(t), N(t) = No + AN(t) where

the zero subscripts denote the equiiibr.um values), (7) can be written as

%:‘%N=Aq-2aNOAN(l+—§-%) (8)
ar
d_AﬂAqA_(le_ANy.) (9)
where T is defined as
T EQlNU' (10)

Integration of (9) over the same integration path used to obtain (5),
assuming that the region affected by the flare can be characterized by

constant o and N, yields

a Mo ’ (11)

dmygt) - b (1) - ANngt) (l , O (t)

where the time dependence is now indicated explicitly. This equation,
when combined with (), allows us to synthesize the Af to be expected
from a known or assum:d Aqr (t), or to deduce the Aqr (t) responsible for an

observed Af(t). Moreover, since the frequency deviations caused by flares
rarely last more than a few minutes, the soler zenith angle is essentially

constant during such an event. and the clectron production rate in a given

region should closely follow the flux of the ionizing radiation enhancement.

Hence, it the major flare cffects detected by the Doppler technique do




indeed take place below the height of reflection, the simple model devel-
oped here should permit us to determine the time profile of the burst cf
ionizing radiation causing an ioncspheric disturbance.

When AN << 2Ny, (11} can be solved analytically for dANT/dt. This is
most easily done by differentiating (11) with respect to time and solving
the resulting second order equation for AN(t), where we now let the dot

stand for the time derivative. The result gives:

t
Al (t) = e T ’/'eT Adr(t)dt+c , (12)

T

where C is a constant of integration. This last expression can be stated

in terms of Aqy (t) instead of Adr (t) by integrating by parts:

t
/A(h (t) e at-c| . (13)

If Aqr (t) and the ~ppropriate value of T are known, (13) enables ANy (t),

t
.

A% (t) = bqy (t) -

and hence Af(t) to be calculated. Under these conditions (i.e. 8N << 2Ng),
7 can be considered as an effective relaxation time of the ionosphere.

Alternatively, the 4gr (t) responsible for an observed Af(t) can be
obtained by substituting () into (11) to obtain the following expressicn
for Aqy (t) in terms of Af(t):

t

t
Ogr (t) - .%. ar(t) +%/ A (x)dx | 1 + Q‘It\lc-,k/ Af(x)dx] ,(\_1%)
T o

o
Q

where x is a variable of integration.
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Examples of both of these approaches will be given in section 3, where
the frequency disturbances are compared with the X-ray bursts in the 0.5-

to 10-A ranges observed by the Vela satellites.

2.2 Model Calculations

Five simple models of the enhancement of the electron production rate,
Aqr (t), are shown in figures 1(a), 1(c), and 1{e) and in figures 2(a) and
2(c). The frequency deviations caused by these production rate enhance-
ments were calculated from (13) using assumed values of the effective
relaxation time, 7, of 0.5, 1, 5, and 10 min. 7hree simple models of
bqr (t) are shown in figure 1. An impulsive rise to a peak folluwed by a
slower decay to the undistrubed level (fig. la) causes a positise fre-
quency deviation followed by & negative shift and a gradual recovery to
the undisturbed frequency (fig. l1b). A rapid rise of electron production
rate to a new constant level (fig. lc) causes a rapid frequency increase
and a gradual recovery to the undisturbed frequency with no negative
phase (fig. 1d). A gradual rise and fall of the electron production rate
(fig. le) results in a small and gradual increase in frequency followed
by a small negative deviation and a gradua! recovery (fig. 1f). Fre-
quency deviations similar to those in figures 1(b) and 1(d) have been
observed frequently during solar flares. Effects similar to those of
figure 1(f) have also been observed; hcwever, such small, gradual fre-
quency variations are hard to distinguish from the normal background vari-
aticns which are usually present, and up to now they have not been con-

sidered as flare-related events. 1In the past the rapidity of a frequency

TS
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deviation has been one of the criteria used to recognize a sudden frequency

deviation; the present study suggests that such a criterion may result in

However, the Doppler technique

many flare-related events being missed.

is not suitable for quantitative study of these gradual events.

Slightly more complex electron production rate enhancements are

Figure 2(a) shows a Aq with a double rise,

shown in figures 2(a) and 2(c).

Lhe twe increases being separated by a short period during which the pro-

For the shorter

duction rate remains at a constant but enhanced level.

relaxation times such a model leads to a frequency deviation having two

distinct peaks (fig. 2b), which become less pronounced as the relaxation

time increases. An impulsive burst superimposed upon the initial part of

a gradual rise and fall is shown in figure 2(c). This production rate .

cdel causes an initial frequency deviation similar to that caused by a

m

simple impulsive burst (£ig. 'a and 1b); however, for the shorter relaxa-

tion Limes the gradual increase in the production rate following the im-

~ngth of the negative deviation and causes a

ptiisive burst shirtens the |

milar to that caused by a simple gradual

o PO
s20nd poslitive {requency siil

rise and ra.l of the producti n rate (fig. le wnd 1f). This "overshoot”

is il wet by a small negative deviation and a gradual recovery. For the

lomger rolaxation o times the gradua. rise of the production rate prevents

“m reaching the initial negative phase,

che frejuency teviation fr

Many ¢ the e werelated frogquency dis'oirbances (bserved have more

‘han e ek snd megt be canse i by complex bursts of icnizing radiation.

Figares o(a) ant «(b) indicate that ‘¢ the effective relaxaticn time is

sma..wr ‘han . o.omparabie t. the *ime between rapia fiux changes (about




1 min in this example) the burst of ionizing radiation need not have dis-

tinct peaks but merely needs to be made up of rapid flux increases sepa-

rated by plateaus in order to cause distinct peaks in the frequency devia-

tion. Frequency disturbances made up of a main deviation followed by an !
overshoot such as those of figure 2(d) have also been observed. Clearly,
such events could be caused by an impulsive burst of ionizing radiation
superimposed upon a gradual rise and fall similar to the production rate
model of figure 2{c).

Comparison of the frequency deviations for the different relaxation
times and the appropriate enhancements of the electron production rate in
figures 1 and 2 shows (see (9)) that the frequency variation follows the

enhancement of electron production rate more closely as the effective

relaxation time tecomes larger. The frequency deviation can depart sig-
nificantly from the shape of the enhancement of the production rate for
small relaxat ..n times. Also, & negative frequency deviation is to be
expected only when the producticn rate (i.e., the ionizing flux) decreases

with time.

5. Specific Events
In this section we compare the X-ray bursts, radio bursts, and fre-
quency deviations vbserved during the fliares listed in tabie 1. The times
of onset, durations, and general behavior of the three phencmena are inves-
tigated frirst., The shape of the frequency deviaticn to be expected from
*he 0.5- to 10-A X-ray burst of October 2 18 then calculated. Finally,
the time profiles of the enhancements of eleciron production rete are

deduced and compared with thr X-ray observations,

=
o




3.1, Comparison of Cbserved X-ray Bursts, Sclar Radio Bursts,
and Frequency Deviations

The time variations of the X-ray flux in the 0.5- to 4-k and 0.5- to
10-} ranges, the solar radio flux at fixed frequencies in the centimeter
wavelength region, and the frequency deviation of WWV (cr WWVH) as received
at Boulder are shown in figures 3 through 8. The radio flux is given in
flux units (1 flux unit = 10723, W m™ cps™'), the frequency deviation
in c¢ycles per second, and the X-ray flux deposited in the detector in
ergs cm™ sec™ . Note that the X-ray {lux scale is linear. The 0.5- to
.0-} detectirs became saturated during all but the 2240 event of October 22;
the C.9- to 4-k detectors were saturated onl: during the October 18 event.
The 4=min ¥aps in the Doppler data which occur at 4° min past the hour
are Jdue to the hou, 1y WWV transmission break. The lowest level shown for
the X-ray rlux, about 1 * 10~ ergs cm™® sec™, represents the detector
thresho.d and is not necessarily the background ievel., The radio and
D.ipier Jata have been scaied and replotted from copies of the original
ce o risy the timing is Judged to be accurate to within a minute or better,
e timing of the plets of the X-ray data may be off as much as % mi-..

Comparison o F the cbserved 0.%- to lC~R X-ray, centimeter radic, and
Cregoensy variation data £or the six events leads to the following general
Pgervatl ons:

. Toowitnin *he tizing accuray avai.ablie, the wnget times

tothe Imjuisive radic tursts and the Uregiency devistions

are n ggreement.

2. The ¥-ray Clux .s.el.y in:reases rapid.y during the {mpul-

§.ve ralis bursts and the freguency deviations. The

i
{




O,

Doppler technique tends to "see" the initial fast rise of

the X-ray flux.
In the case of four of the five events for which radio
data sre available the duration of the frequency devia-
tion is comgarable to that of the impulsive radic burst;
for the fifth event (fig. 5), the impulsive radio burst
lasts longer than the frequency deviation,

For some events (figs. 3 and 6) the duration of the
X-ray burst is of the same order as that of the fre-
quency deviation; during other events (figs. 4,5,7,

and &) the K-ray flux remains at an enhanced level

long after the frequency disturbance has ended.

No significant frequency deviations are observed during
+he (apparently) rapid decay of a long enduring X-ray
burst. However, the cxact beginning time and rate of
decay of the recovery phase of such 2 burst c.anct be
fetermined Jdue to the saturation oi the detectors.

The radic bursta and frequency deviations ofton show
fine structuree-rapid, short duraticn variations. If
radiat.on in the 300 0o -k ranse (8 Yhe g §e of ke
fregquency deviations, Wwe would expeot oorrespording fine

. . A . & 2 $ % Yoy ¢
structure Yo oo pregent in o the Xeray o

tux (Raker, Davies,
and Geimes, ;;!K3). Howoyer, *he variaticn of *he flux
neocded e produce the chserved Fine structure of the

froguency devizt ons s probably oo small o be detected

by the instrumentat: n of the Voo.a sateil tes,
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3.2. Calculation of the Frequency Deviation Expected from the
X-ray Burst Observed at 2240 U.T. on 22 October 1903

Equation (13) of section 2 permits us to calculate the {requency de-
viaticn which will be caused by a given enhancement of the electron pro-
ducticn rate. In deriving (13) we assume that the changes responsible for
the frequency deviation are confined to a limited portion of the iono-
sphere which is ncn-deviacive for the radio frequen les used. This effec-
tively limits the changes to the E region and lcwer | rt of the F region
for cbservations made at [C and 15 M- s. We alsc asswune that the electren
1°ss processes in *his region can be repr-sented by an effective relaxa-

1

ticn time, T, which is essentially constant with height and for *times of
the corder of che Jdurati.n .U the frejuency deviation of interest. For a
reglion where recembinati.n L.ss process=s predominate, this assumption

requires that the increase in e.eciren density caused by the fiare be

. . : o4 H B O | R ™ . A T CMAE
sma.l o mparc:i with the axbient eclectrin leasity. Doaneliy (10oe) has

Srecetfira, the model used ot derive {(L-) may nit be to unreslistic, as
Tar B3 ‘he non-levoative agsmptlon U8 concerned, for ypredioting the
evfe-1s O lonizing radist. o n T oatoae ook wmvelength. AU these wave-
wngths che apyplicsll oty o the model will ke (imited by ke sasuned
aongtan vy Toypoant Noowlth helghto Tr o omLC .. ate the sheje o the ree

i
i
!
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quency deviation tc be expected from a given X-ray burst, we will assume
that ‘he enhancement > the electron production rate has the same time
profile as the X-ray burst.

The r=sults of spplying this technique to the 0.5- to 10-A X-ray
event -heerved by the Vela satellites at 2240 U,T, =n 22 Octcber 1963 are
shown in flgure 9. The "stair-step" profile of th= burst shown in rigure
€(c) has been smocthed as shown in figure 9(a). This profile was then
used for Aqr(t) in (13), and the frequency deviation was caiculated for
effective relaxation times of 0.5, ., and 5 min. The results are shown
by the dotted curves cf figures © . d(c), and <(d); the so.id curve shows
the observed freguency shift for compariscn. The times ¢! the calculated
and observed peaks have been aiigned and the caiculatel peaks have been
normalized to agree with the maximum cbserved devistion. There s some
vidence that the X-ray peak occurred sbout | min after the peak fre-
quency Jeviaticon {see fig. 12); howsver, this iifterence is we.l within
the accuracy with whi'h the rec.rds are timed and for the purpeses of this

calcuiaticn the yesrs were assumed o oocur 8t the same ¢ime

aeni® o

o)
“

rom

e

Tanure g \4{-“
b+ Rialiate N

i3

nd G{4) we sce tha' the gross festures of the cb-
served and ca) ~ulated frequency devistiong sre in good agreement {or re-
.axaticn times be'ween | and P omin, The ferall of the lecay ls nit re-
produced, bt this can hardly be expected since the jrofile ‘n Tigure u(a)
had 1 Ye reoonstructed Croe that of Cigure ofc), Hence, we cianiude
shates that the N-ray burst bgerved by *he Veola
sate l.tes Cou.l have produced the brerved frequency devialiin., We have

s§8:2 nothing about the zagnit:des., n 8 mure ietailed gtudy -f this event

15 - mripnd 7

g
4
$
%
£




Donnelly (1966) has found that the magnitude of the flux enhancement
in the 0.5- to 10-4 range is not sufficient to produce the obtserved fre-
quency drviation. He concludes that the frequency devietion must be
at least partly a result of enhancements at longer wavelengths.

Since the flux exceeded the saturation level during a major portion of
the other events observed at Boulder, it is not worthwhile to reconstruct
the flux profile and calculate the frequercy deviations which would be

produced.

3.3. Synthesis of Profiles of the Enhanceaent
of Electron Prodiction Rate

In this secticn we take the observed frequency deviaticns as the input
data and use (14) to calculate th. enhancement of the electron production
rate, The resulting profiles for effective re.axation times of 0.5, 1, and
10 min, shown in part (b) of figures 10 through 14, ere compared with the
observed 0,5~ to 10-4 X-ray flux shown in part (c) of these figures.* The
time scale of these figures is much expanded over that used in figures 3
through 8, and only the initial portion of each X-ray event is shown. After
the initial peak frequency deviation and the initial part of the negative
shift, the flare-related frequency deviation is usually lost in the back-
ground variation of the frequency; in meking the calculations for figures
10 through 14, only that portion of a frequency deviation which could be

reliably attributed to the flare wes used.

*In calcwlating the enhancement of the electron production rate we have

et

used & value of 10*! m~% for NO.




LA

The curves of figures 10 through 14 show the shape of the electron
production rate enhancement which would be needed to produce the observed
frequency daviation for the simple model we have adopted., Comparison of
the production rate enhancements with the X-ray fiuxes must of necessity
be qualitative due to the nature of the deta aveilable; our knowledge is
limited by the saturation of the X-ray detectors, the lack of fine struc-
ture in the X-ray observations and the limited portion of the production
rate profile which we can reconstruct from the frequency variation data.
The most we can hope to conclude is whether or not the calculated produc-
tion rate enhancement is compatible with the X-ray abservations.

Smith, Accardo, Weeks, and McKinno.i (1965) have concluded from recent
eclipse observations that the effective daytime relaxation time in the E
region is about 1 min, In addition, baker and Davies (1966) have
presented evidence that suggests that the effective daytime relaxat.on
time in the regicn where the bulk of the ionization responsible for flare-
related frequency deviations is released may be less than 1 min,
Therefeore, the most appropriate curves for the enhancement of electren
production rate for the model we have adopted are probably those for an

effective relaxation time of about 1 min,

Sty v b £

Examination of figures 10 and il reveals that the synthesizcd pro-
duction rate enhancement curves and the initial part of the X-ray burst
arc compatible f'or these two events. From a cursory inspection it may
aprear that the production rate curve is decaying faster than the X-ray

flux, but closer inspection reveals that at the end of the records !

shown in the figures, the production rates are still above the levels they

17




had attained at the time the X-ray detectors became saturated. The pro-
duction rate curves for these two events also show that the fine structure
in the iocnizing radiation needed tc produce the fine structure of the fre-
quency deviations is indeed small, especially if the effective relaxation
time is short, and such small relative flux variations may prove to be
hard to detect with satellite-borne instrumentation.

Figure 12 shows the curves for the 2240 October 22 event which was
discussed in &ection 3.2. The time disagreement between the X-ray burst
and the frequency deviation which was mentioned previously is shown in
this figure. Here we will adopt the viewpoint that this discrepancy is
within the accuracy to which the data can be timed and will assume that
the two events are time coincident. Doing so, we see that the production
rate curves for the shorter relaxation times are not compatible with the
X-ray observations; indeed, the production curves decay much more slowly
than the X-ray flux. The prcduction rate curve for a relaxation time of
10 min ig in fairly good qualitative agreement with the X-ray flux
curve; this we would expect from the results of section 3.2 where we
found that a relaxation time greater than 1 min was needed to make
the frequency devietion calculated from the X-ray flux agree with the
observed event,

The initial part of the event of October 26 is shown in figure 13.
Only the two prominent frequency deviations at 1840 and 1902 were consid-
ered in calculating the enhancement of the electron production rste; the
dats between these two deviations were smoothed as indicated by the

dashed lines, From the portion of the event shown, the production rate

18
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enhancement and the X-ray burst appear to be compatible., However, the
X-ray detectors had not yet reached saturation at 1908, and an abrupt
increase to the saturation level shortly after 1908 caused no measurable

frequency deviation. This fact forces us to question whether the 0,5~ to

10-4 X-rey flux was responsible for the frequency deviations before

1908,

The electron production rate enhancement calculated for October 28
(fig. 14) does rot agree in time with the X-ray flux enhancement. The
production rete has peaked and is beginning to decay h:zfore the X-ray
detectors become saturated. A shift of about L min would be necessary
to make the production rate curve compatible with the X-ray burst;
again such a shift is within the timing accuracy available,

From figures 10 through 14 we see that in some cases the X-ray flux
in the 0.5- to 10-A range could have caused an enhancement of the electron
production rate of the shape needed to give the observed frequency varis-
tion, and that in other cases it could not. It may be significant that
for the one event during which the X-ray detectors were not saturated
(fig. 12), the production rate enhancement calculated for the shorter
relaxation times, which we would expect to be operative in the E region
where our model is applicable, differs appreciably from the X-ray burst.
As pointed out by Donnelly (1966), the 0 = *~ 10-k flux may bave contri-
buted to the post-peak hump in the frequency variation while the main

deviation was caused by enhancements at wavelengths greater than 10 k.

19
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4. Discussion

We cannot establish by a comparison of the time profiles of the data
available whether or not X-ray bursts in the 0,5- to 10-& range were guf-
ficient to cause the frequency deviations observed during the solar
flares of October 1963. To compare the frequency deviations and X-ray
data, we have assumed that the spectral composition of the X«ray burst
did not change during the burst. Some of the disagreement we have. found
may arise because the spectral characteristics of an X-ray burst do change
rapidly with time, In any case, we could not definitely conclude that the
frequency variations were or were not caused by the 0.5- to 10-A X-rays

from a stuqy of time procfiles alone without knowledge of the flux varia-

tions at longer wavelengths. Donnelly (1966) hes concluded that the fre
quency deviations must be at least partly a result of enhancements at
wavelengths greater than 10 k.

Such a simple treatment of the data does reveal some worthwhile ob-
servetions, however. We see that better timing accuracy is required for
detailed comparison of the various data; such timing accuracy is now
available on the Doppler data. Attempts should be made to obtain more
detailed time profiles and better spectral resolution of solar X-ray
bursts. Although the calculated onhancements of the electron production
rate indicate that the fine structure necegsary to produce the detail
obsurved in the frequency deviations may be only a very small modulation
of the main enhancement, the ciose correspondence which often exists
between the {roguency variations and the impulaive centimeter radio bursts

suggests that similar Impu'sive bursts may -xist in the flux of ionizing

20




radiation. Better spectral resolution and broader spectral coverage are
needed to help us determine what wavelength regions produce the ionization
cnhancements responsible for the frequency variations and the height of

these enhancements.
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Fig. 6 The solar radio burst (a), frequency variation (b), and solar
X-ray burst (c¢) for the event of 22 October 1963 (2240 U.T.).
All scales are linear.
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Aq —

Af, Hz

Fig. 9

[ i 1 1B [ ] T
(@) X~RAY FLUX, 0.5—10A

(b) 7= 0.5 min

— OBSERVED Af
«+ CALCULATED Af —

| | | I I | | |
224007 242 2044 246 248

The 0.5- to 10-4 X-ray flux (a) and the syathesized (dotted) and
observed \solid line) frequency variations (b), (c), and (d) for
the event of 22 October 1963 (2240 U.T.). The peaks of the syn-
thesized and observed frequency variations have been normalized
and aligned.
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Fig. 1i The observed frequency variation {a) and X-ray burst (¢) and the
calculated enhancement of the electron production rate for the
event of 20 October 1963 (1330 U.T.). ALl scales are linear.
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